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Preface 
 
The research described in this report both builds on prior work at the AERU and represents a 
new departure. In prior work, we have explored the potential and impacts of biological control 
of agricultural pests, most notably in the long-term ARGOS project. This work has often 
involved cross-disciplinary effort, bringing together the knowledge of physical scientists and 
our own economic expertise. The present report is an excellent example of what can happen 
when researchers from different disciplines get together to explore common areas of interest. 
We are excited by this report because it marks the first publication of a new analytical 
approach for the AERU: bioeconomic modelling. This work is based on our long experience 
with other modelling, such as consumer choice and international trade modelling. Our past 
research has, of course, included elements of environmental modelling, most notably in the 
impacts on greenhouse gas emissions from international trade. The model presented in this 
report, however, was purpose-built around both the biology and the economics of weed 
growth and control. The research reported here will be useful and interesting for academics 
and others exploring the potential of bioeconomic modelling; government personnel 
interested in informing evidence-based policy-making; and people in the agricultural sector 
curious about the potential for biocontrol of weeds. 
 
 
Professor Caroline Saunders 
Director 
AERU 
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Executive Summary 
 
The primary sector is an important contributor to the New Zealand economy, both to Gross 
Domestic Product (GDP) and to export earnings. Together, agriculture, forestry, and their 
associated sectors contributed 18 per cent of the country’s GDP in 2002/03 (Ministry of 
Agriculture and Forestry, 2005). In addition, agricultural and forestry exports accounted for 
over 60 per cent of merchandise exports (Ministry of Agriculture and Forestry, 2005).  
Control of weeds, particularly pasture weeds, may be important to New Zealand agriculture. 
However, the impact is hard to assess because there is limited information on the range of 
weed species and the rates of infestation. Existing estimates suggest that the economic 
impacts run to hundreds of millions of dollars, if not more, and this is supported by the 
relative figures estimated in overseas research. 
Weed control research is increasingly using computer modelling to inform weed management 
decisions (Holst, Rasmussen, & Bastiaans, 2007; Wilkerson, Wiles, & Bennett, 2002). 
Computer modelling is useful because the behaviours of weed populations on farms and in 
other areas are affected by complex linkages with human activities and non-human species 
(Odom, Sinden, Cacho, & Griffith, 2005). 
The present research has developed a bioeconomic model for weed management. The model 
was calibrated on the impacts of Californian thistle (Cirsium arvense) in intensive, lowland 
sheep pastures in New Zealand, and can be extended to model other weeds and products. 
Californian thistle is known to be a significant weed for these farms, and this part of the sheep 
sector accounts for some 17.1 million head out of a national flock of 39.9 million. 
This bioeconomic model extended prior research in several ways. First, prior bioeconomic 
models of weed control have focused on species that propagate mainly via seeds. For 
Californian thistle, reproduction in established pastures occurs via root buds, which affected 
the modelling of weed behaviour. Secondly, the model allows optimistation over continuous 
levels of weed control for two different methods. Prior research has allowed an optimal level 
of herbicide use to be selected, or has allowed optimal selection from a menu of discrete 
control methods. Thirdly, the model accounts for the deleterious effect of herbicide use on 
clover in pasture and hence nitrogen fixation. That is, herbicide use has the benefit of 
reducing weeds but the cost of requiring additional application of nitrogenous fertiliser. 
The model was used to examine the potential economic return to an effort to reduce 
defoliation costs, for example by introducing a biocontrol agent that fed on Californian thistle. 
The farm-level results from the model were then used to estimate national-level impacts, 
assuming that 52 per cent of intensive lowland sheep pasture area is affected (Labes, 2000) 
and assuming an initial infestation level of 26.8 shoots per metre in affected areas. The exact 
value of such a programme depends critically on what else happens in the sector, so several 
alternative scenarios were assessed. The results suggested that the intensive sheep farming 
sector could grow or shrink by as much as $219 million dollars over five years, depending on 
factors such as the price of petroleum and levels of herbicide resistance. Having an alternative 
method of control such as defoliation through biocontrol reduced potential losses and 
increased potential gains. The value of having this alternative available, just for this one 
species and only for this part of the livestock sector, was calculated at between $81 million 
and $153 million over five years. 
There are three main outputs from this research. First, it provided an estimate of the economic 
value to the sheep sector of biocontrol of Californian thistle. Secondly, the research 
 viii
demonstrated the value and feasibility of bioeconomic modelling for analysing agricultural 
production systems. Thirdly, the project found key gaps in information about actual impacts 
of Californian thistle, including the amount of area affected and the level of infestation.
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Chapter 1 
Introduction 
 
New Zealand depends on agriculture for its economic well-being, so protecting agriculture 
from unnecessary losses is important to the country’s economy. One source of losses for 
agriculture is weeds – unwanted plants growing in the wrong place at the wrong time. This 
report presents a bioeconomic model for a specific weed – Californian thistle (Cirsium 
arvense) – in a specific production system – lowland, intensive pastoral sheep farming in New 
Zealand. The research does two things: it provides an economic assessment of weed control 
methods, and develops a method for making such assessments. 
In order to place this research in its proper context, this introductory chapter briefly outlines 
the agricultural sector in New Zealand. It then reviews some of the work that has been 
undertaken on the economic impacts of weeds. This background material provides the 
economic context for the later modelling work. 
1.1 Agriculture in New Zealand 
The primary sector is an important contributor to the New Zealand economy, both to Gross 
Domestic Product (GDP) and to export earnings. Together, agriculture, forestry, and their 
associated sectors contributed 18 per cent of the country’s GDP in 2002/03 (Ministry of 
Agriculture and Forestry, 2005). In addition, agricultural and forestry exports accounted for 
over 60 per cent of merchandise exports (Ministry of Agriculture and Forestry, 2005). Key 
exports are from the pastoral sector, especially the dairy, beef, and sheep sectors. 
The dairy industry’s 12,000 milk suppliers and their 5.15 million dairy cattle produced 1.21 
million tonnes of milk solids in the 2005 season (Ministry of Agriculture and Forestry, 2005). 
About four per cent of production was used to produce fresh milk for the domestic market; the 
other 96 per cent was processed into milk powder, cheese, butter, casein, and other products. 
The dairy industry is centrally organised, with Fonterra processing 96 per cent of New 
Zealand’s milk. Over 90 per cent of milk products are exported, making the industry highly 
reliant on international markets. Dairy products exports accounted for 18 per cent New 
Zealand’s exports in the year to June 2006 (Statistics New Zealand, 2006b). In the year to 
March 2005, this amounted to $5.678 billion (Ministry of Agriculture and Forestry, 2005).  
According to Statistics New Zealand (2006a), the national beef cattle herd was 4.4 million 
head at June 2005. Beef exports were 415,000 tonnes in 2005, at a total value of $1.918 
billion (Ministry of Agriculture and Forestry, 2005). Given total merchandise exports in 2006 
of $30.81 billion (Statistics New Zealand, 2006c), beef accounted for 6.2 per cent of exports. 
About one-half of that goes to the US, with Asian markets as the next most important export 
destinations (Ministry of Agriculture and Forestry, 2005).  
As at June 2005, New Zealand had 39.5 million head of sheep (Ministry of Agriculture and 
Forestry, 2005). Of these, 17.1 million head could be attributed to more-intensive production 
systems: North Island Intensive Finishing, South Island Finishing Breeding, South Island 
Intensive Finishing, and South Island Mixed Finishing (ibid.). In 2004, meat production was 
107,000 tonnes of mutton and 411,000 tonnes of lamb, carcass weight equivalent (cwe); that 
same year, exports of mutton were 87,900 tonnes cwe for earnings of $255 million, while 
exports of lamb were 358,000 tonnes cwe with a value of $1.97 billion (Ministry of 
Agriculture and Forestry (MAF), 2004). In 2005, lamb exports had a lower volume at 292,000 
tonnes, but higher prices meant they were valued at $2.062 billion (Ministry of Agriculture 
and Forestry, 2005), or 6.7 per cent of merchandise exports. The EU imports about one-half of 
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the total volume of meat exports, paying above average prices for it. The US market is 
growing, particularly after lifting the tariff rate quota (TRQ) in November 2001 (Ministry of 
Agriculture and Forestry (MAF), 2004). 
These figures indicate the importance of pastoral agriculture to New Zealand, both to 
merchandise exports and the overall economy. One of the challenges facing pastoral 
agriculture is the impact of weeds on pastures. Weeds can reduce the amount and quality of 
pasturage available to livestock. The economic impact is detailed below. 
1.2 Impacts of weeds 
There is limited information on the current economic impact of weeds on New Zealand 
agriculture. Information on the range of weed species and the rates of infestation is scarce, 
and the available data is not always transformed into economic impacts figures. Nonetheless, 
there are some indications about the size of the problem. Hackwell and Bertram (1999) 
provided an important benchmark assessment of losses in New Zealand, including both weeds 
and other pests. The economic impacts were estimated from actual expenditures to control 
pests and weeds and from damages ascribed to different economically-important pests. The 
research detailed total expenditure on control measures of $440 million, or 0.46 per cent of 
1996/97 GDP. The report estimated production losses of $400 million, or 0.42 per cent of 
GDP. The total of these two was $840 million, or 0.88 per cent of GDP. A comparable 
estimate was provided by Bourdot et al. (2007), which updated research from 1984. They 
discussed the 187 plant species that have become pasture weeds and their control methods, 
and estimated that pastoral weeds may be responsible for $1.2 billion dollars per year in 
losses and control costs. Another example of research in the New Zealand context is Bourdot 
et al. (2003). This study focused on a particular weed and its impacts only on the dairy sector. 
It found that the country’s dairy pastures lost $156 million in the 2001-2002 season due to 
giant buttercup (Ranunculus acris). Another study by the Clutha Agricultural Development 
Board for the Californian Thistle Action Group, based on a farmer survey in 2000, that 52 per 
cent of farms were infested with Californian thistle (Labes, 2000). Attempts to control the 
weed led farmers to spend an average of $1,200 per farm on chemicals and $3,280 per farm 
on topping the weed. Total cost of the weed to Otago and Southland was estimated at $27 
million per year. These estimates thus suggest that losses due to weeds is on the order of 
hundreds of thousands of dollars per year, although an exact figure is unknown. Given the 
size of the industries – over $10 billion per year for the pastoral sector – this magnitude of 
losses is a few percentage points of total agricultural output. 
Research on the impacts of weeds has been conducted in other countries. In Australia, for 
example, the financial cost of controlling 15 different weeds in seven crops in Australia was 
estimated at AU$1,182 million in 1998-9 (Jones, Vere, Alemseged, & Medd, 2005). About 
one-half of the financial cost was the cost of herbicides to control the weeds (ibid.). A similar 
estimate was calculated by research for the Cooperative Research Centre for Australian Weed 
Management (Sinden et al., 2004). The annual financial costs of weed control in 2001-2002 
were found to be AU$1,365 million to AU$1,519 million, while yield losses due to weeds 
were estimated at AU$2,218 million. Research in the U.S. has considered the economic 
impact of the weed leafy spurge (Euphorbia esula L.) on grazing land in the Great Plains 
states and estimated the direct impacts of infestation in a four-state area at over US$37 million 
per year (Leistritz, Bangsund, & Hodur, 2004). Thus, the losses attributable to weeds and the 
costs of control are significant, and similar impacts would be expected in New Zealand. 
The main method of agricultural weed control is herbicides. However, biocontrol methods are 
also increasingly sought for control of important weeds. Classic biocontrol of introduced 
species entails locating a natural enemy (usually an insect) of the weed plant in its original 
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location and releasing the insect in the new area that has become infested. This biocontrol 
method may require many years to develop depending on the scale of the problem and 
attributes of the control agent. Nordblom et al. (2002) discussed the economics of biological 
control in the context of the weed Paterson’s curse (Echium plantagineum) in Australia and 
cited several studies demonstrating high benefit:cost ratios for biocontrol research. An 
example of such research looked specifically at leafy spurge in the US. Biological control of 
the weed was estimated to return about US$19.1 million in direct economic benefits 
(Bangsund, Leistritz, & Leitch, 1999). Furthermore, biocontrol programmes can have both 
private returns as well as public good benefits (Auld, 1998), increasing social return to 
biocontrol research. 
The question thus arises: what is the potential benefit of weed biocontrol in New Zealand? 
The techniques for assessing this question have developed remarkably over the last several 
years. One particular technique is bioeconomic modelling, mathematical modelling that 
includes elements from biology and economics. This technique is the subject of the next 
chapter. 
 4
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Chapter 2 
Prior Research 
 
2.1 Introduction 
Assessing the economic impacts of weeds and the potential value of control measures is 
difficult and complex. Weed control research is increasingly using computer modelling to 
inform weed management decisions (Holst et al., 2007; Wilkerson et al., 2002). Computer 
modelling is useful because the behaviours of weed populations on farms and in other areas 
are affected by complex linkages with human activities and non-human species (Odom et al., 
2005). The complex systems can be modelled as simpler components and key interactions to 
yield some understanding of weed behaviours. These models are often used to assess the 
invasive behavioural dynamics of weed populations, potential levels of crop damage, impacts 
of control measures, and comparative costs (financial and social) of alternative control 
measures (Doyle, 1991; Jones, Cacho, & Sinden, 2006; Schabenberger, Tharp, Kells, & 
Penner, 1999). The model outputs can be used particularly to identify information gaps, set 
research priorities, and suggest effective control strategies (Doyle, 1991; Jones et al., 2006; 
Wilkerson et al., 2002).  
These models are generally formulated in mathematical syntax (Doyle, 1991). They are 
developed for cases in which essential properties of the system can be included in the model 
and observable behaviours of elements of interest in the system can be described 
mathematically. The models mimic observed phenomena based on the assessment that 
elements in the system react in predictable ways to changes in inputs (Haddon, 2001).  
Bioeconomic models incorporate the biology of weed management into analyses of economic 
impacts. By including accurate representations of weed biology and ecology, reactions to 
control measures, and competition for resources, these models attempt to improve economic 
decision making regarding weed management. These models are used for many problems. For 
example, de Buck, Schoorlemmer, Wossink, and Janssens  (1999) used a computer model to 
select appropriate weed control measures for sugar beet crops. Jones et al. (2006) incorporated 
considerations of specific stages of the weed life cycle in choice of strategy, while Jetter 
(2005) included qualitative risk assessment when modelling the economics of a biological 
control programme. Additional bioeconomic modelling has considered the impact of time and 
stochastic factors on weed control decisions (Jones & Cacho, 2000; Pandey & Medd, 1991). 
The focus of the modelling has also varied, with Jones, Vere, Alemseged, and Medd (2005) 
examining impacts of a weed control programme on social welfare and Odom et al. (2005) 
considering weed control strategies in a national park. 
2.2 Model goals 
The central mathematical relationship in a model is the objective function. This is the equation 
on which a model focuses when finding a solution. Bioeconomic models of weed control have 
been designed around different objective functions. Many studies, as a result of their 
economic focus, have maximised income or minimised costs. Such models modify specific 
parameters in a search for economically optimal weed control. For example, Jones et al. 
(2006) presented a modelling framework for weed control in Australian cropping systems that 
maximised the net present value of the system over several periods. A somewhat different 
maximising approach was taken by de Buck et al. (1999), whose model used fixed decision 
rules to select the best strategy from amongst eight possibilities. This model appeared to 
minimise costs associated with the decision strategies (p. 286b). Similarly, Odom et al. (2005) 
examined five specific strategies and determined the mix of control methods that optimised 
the present value of net benefits over 45 years, both with and without budget constraints. 
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However, not all bioeconomic modelling appears to use optimisation methods. For example, 
Pannell et al. (2004) developed the RIM (resistance and integrated management) model to 
assess 35 weed control options. The model does not appear to seek an economic optimum 
explicitly. Instead, model users can change inputs and determine the effect of those changes at 
the field level. The model calculates the economic impacts of changing weed control methods 
using detailed modelling of weed biology, but selection of weed control methods appears to 
be up to model users. Other modelling efforts have focused on the existing impacts of weeds, 
rather than potential weed control measures. Examples are Leistritz et al. (2004), who 
estimated lost grazing capacity in US Great Plains states; Hirsch and Leitch (1998), who 
applied such a model to the issue of leafy spurge on post-Conservation Reserve Program land 
in the US; and Bourdot et al. (2003), who calculated the economic impact of giant buttercup 
on New Zealand pastures. This type of modelling provides baseline estimates of the impacts 
of weeds as well as important information about both their biology and the associated 
economics. 
2.3 Model types 
Weed management encompasses both biological and economic factors. The direct 
relationships amongst these factors may be simple or complex. In the model, individual 
relationships are expressed in single equations. The agricultural system – at the farm or field 
level or some other unit of aggregation – is represented by the set or system of equations. This 
system of equations may be analysed for a single period – one season or year – or over several 
periods to consider the impact of time on decisions. Furthermore, to account for gaps in 
information, climatic variation, price instability, and other uncertainties or risks, modelling 
may include stochastic elements. As a result, three types of simulation models may be 
distinguished in the bioeconomic literature.  
Static programming model: The model assesses decision variables to maximise the objective 
function in the current period (Jones & Cacho, 2000). As a result, the economic decision is to 
apply a weed control measure (e.g., herbicide) until the marginal cost of the measure is just 
equal to the increase in current revenue from controlling the weed. 
Dynamic programming model: This model is an extension of the static model by adding 
multiple periods (Jones & Cacho, 2000). Weed control measures may have multi-period 
effects, such as having their full effect only in the year after application. For example, the 
adult weed plants of one period help determine the amount of weed seeds available in the next 
period (the weed seed bank) (Jones & Cacho, 2000). The dynamic model may solve the multi-
period system by increasing the application of herbicide in the initial period to reduce the 
weed seed bank for the following years (Jones & Medd, 2000). The time horizon for such a 
model can be quite long, up to 45 years in the case of Odom et al. (2005). 
Stochastic dynamic programming model (SDP): The model considers the impacts of risk or 
uncertainty by including stochastic effects in a dynamic model. The economic objective is to 
maximise expected returns, given potential future states of nature. Doyle (1991) suggested 
that stochastic work could include the future states of nature, possible actions, possible 
outcomes, and the objectives or decision rules of economic agents. Subsequent modelling has 
assessed at least three of these four elements. Different future states of nature as a result of 
seasonal variability have been shown to affect the economic evaluation of a technology (Jones 
et al., 2006). Possible actions considered in these studies have included multiple weed control 
methods (Jones et al., 2006) and different levels of herbicide use (Pandey & Medd, 1991). 
Decision rules were explicitly considered by Jetter (2005), who demonstrated the usefulness 
of calculating threshold probabilities for the success of biological control programmes; these 
probabilities could then be qualitatively assessed. These models do not appear to have 
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incorporated stochastic effects, however, when linking weed control actions to possible 
outcomes. 
2.4 Weed behaviour and control 
The appeal of bioeconomic research is its explicit modelling of the biology of weed 
populations. The initial weed population can be modelled as a function of the seed bank, 
which is the number of seeds in the soil at the beginning of the initial period, and the 
germination rate and pre-emergence mortality (Jones et al., 2006). After weeds emerge, they 
are also subject to natural rates of mortality, further reducing the number of plants that reach 
adulthood (Jones et al., 2006). Weed seed production is then a function of the number of 
plants, their density, and competition amongst weeds and the crop (Diggle, Neve, & Smith, 
2003). Finally, seed production adds to the seed bank, after accounting for seeds lost to 
grazing and export (Jones et al., 2006), completing the cycle. 
A further complexity with weed populations is dividing the annual population as a number of 
cohorts. Each cohort is exposed to different climatic influence and has different potential to 
affect the crop. The cohort analysis can be valuable where different cohorts have distinct roles 
in population dynamics, seed production and infestation of crops. The cohort that emerges 
with field crops is more likely to be large and affect crop production (Jones & Medd, 2000). 
Later cohorts may be smaller and more affected by competition from crops; nevertheless, it 
can produce some viable seeds (Jones et al., 2006). Because cohort analysis adds to the 
complexity of models and requires additional data, some studies model a single weed 
infestation per crop cycle (Monjardino, Pannell, & Powles, 2003; Odom et al., 2005). 
Weeds reduce economic production in several ways, especially through competition with 
crops for space, light, nutrients and water and reduction in product quality (de Buck et al., 
1999; Firbank & Watkinson, 1985; Leistritz et al., 2004). Many weeds compete for space and 
light with growing crop plants. Weeds also utilise soil nutrients and water, potentially 
reducing their availability for crop plants. Furthermore, weeds may have allelopathic effects, 
releasing chemicals that restrict the growth of crop plants (e.g., Tefera, 2002). The yield loss 
equation or equations link the weed population to the economic impacts of weeds. The loss of 
crop yield is a function of infestation rates, often based on the rectangular hyperbola 
developed by Cousens (1985, see Fernandez-Quintanilla et al., 2006; Jones & Cacho, 2000). 
For pasturage, a common measure of infestation is the area covered by weeds (Bangsund et 
al., 1999; G.W Bourdot et al., 2003). The impact of weeds may even be increased by 
including a ‘neighbourhood effect’ to account for livestock avoiding pasture near weeds 
(Leistritz et al., 2004).  
Control of weeds may be achieved with one or more methods. A conventional control method 
is applying herbicide, while other methods are pre-planting cultivation, mowing, crop 
rotation, grazing management, increasing sowing seed density of crop, and burning of stubble 
(Jones et al., 2006; Monjardino et al., 2003). Several studies have focused on the economic 
feasibility of alternatives to herbicides, such as biological control agents or integrated pest 
management (Jones et al., 2006; Monjardino et al., 2003; Pannell et al., 2004). Weed control 
modelling relies on findings from biological research to mimic weed control response 
accurately. For example, the key equation for the impact of an herbicide on the number of 
weeds is generally a non-linear dose-response function (e.g., Fernandez-Quintanilla et al., 
2006; Schabenberger et al., 1999). Interestingly, weed control measures have been shown to 
affect crops. For example, Bork, Grekul, and DeBruijn (2007) found that herbicide use to 
control Canada thistle also reduced clover (Trifolium spp.) in pastures. Popay, Barlow, & 
Bourdot (1989) included the economic impact of damage to clover from the use of MCPA to 
control Ranunculus acris in their calculations of the gross margins from different control 
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strategies. This indirect impact of weed control on economic returns from farming does not, 
however, appear to have figured in prior bioeconomic modelling of the type discussed in 
secton 2.3. 
2.5 Economic calculations 
Bioeconomic models link this information about weed biology with economic calculations, 
whether at the farm or policy level. One link is between the amount of weed infestation and 
the loss of crop yields. For farming applications, this information then flows to the farm 
revenue. Another link is between the physical impacts of weed control measures and their 
cost. Together, the revenue and cost links determine the net economic impact of weeds and 
weed control. 
The impact of weed infestation on revenue has been modelled in different ways. Jones et al 
(2006), for example, used a yield loss function based on Cousens (1985) that was a non-linear 
function of weed density (number of plants per given area). This yield loss was subtracted 
from the optimum weed-free yield. The net yield was then multiplied by the commodity price 
to calculate revenue after losses from weeds. By contrast, Monjardino et al (2003), also 
relying on previous research, calculated the crop yield in a single equation that accounted for 
all plants – crop and weeds – together. The differential impacts of weed species on crops was 
captured in competition parameters that were varied by weed and crop. The yield was then 
multiplied by commodity prices to give loss-adjusted revenue. Pasture models have taken a 
somewhat similar approach, with Bourdôt et al (2003) calculating losses in pasture 
productivity as a function of biological potential, but including the efficacy of control 
measures directly in the yield loss calculation. The percentage of lost pasture was then 
multiplied by the value of dairy production in specific areas to yield a monetary measure of 
the losses.  
Costs of control can include fixed and variable elements. Jones et al. (2006) included fixed 
costs of weed control measures, and per-hectare variable costs were triggered by decision 
rules about the specific weed control measures to pursue. In some studies, the costs of specific 
control strategies were set, and the modelling problem was to select amongst the control 
strategies given these costs (de Buck et al., 1999; Odom et al., 2005). In one case, the costs of 
a biological weed control programme were already set, so the modelling problem focused on a 
cost-benefit analysis given these costs (Jetter, 2005). Pannell et al. (2004) discussed variable 
costs of some control methods, but did not indicate whether some of the methods included 
fixed costs. 
Some research has also included social or public benefits in addition to private costs and 
revenues. For example, Jones et al. (2005) included the economic welfare loss caused by 
weed infestation in winter crops in Australia. Leistritz et al. (2004) included both direct and 
secondary benefits including public benefits of weed control in grazing and wild lands.  
Finally, Odom et al. (2005) studied the public benefits of weed control in national parks. 
2.6 Caveats with models 
Computer modelling is an exercise in simplifying systems to express them mathematically 
and examine important facets or relationships. Weed modelling is no different, so a number of 
caveats have been noted regarding weed models. Holst et al. (2007) conducted a review of 
134 scientific papers on mathematical modelling of weed populations. Their insights, while 
derived from a larger body of literature, are likely pertain to bioeconomic modelling as well. 
They found that models often exclude multiple sources of weed seed, such as imports from 
wind or equipment, which can affect subsequent period weed infestation levels. They also 
found that although weed populations can be dynamic in time (within and between seasons) 
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and in space (within and between fields), this heterogeneity is often simplified, understating 
the impacts of spatially localised weed spread. Finally, they found that although seed viability 
is stochastically determined by weather, crop harvest time, weed density, and herbicide use, 
models often treated viability as a fixed parameter. These simplifications make construction 
and application of modelling easier, but it may be important to examine their impacts on 
model results and validity. 
Several other studies provide insights into the elements that may affect model validity. For 
example, Wilkerson et al. (2002) found that some studies grouped broadleaf weed species into 
a single model unless they have distinct properties. This aggregation may bias results if weeds 
are unevenly distributed in time and space and have differential impacts on crop yields. 
Another element that may not be included in model is the decision maker. Doyle (1991) 
emphasised that the use of control measures ‘depends on the farmer’s subjective perception of 
the hazard’ (p. 439b, emphasis in original), so that such perceptions may play a key role in the 
use of control measures. This idea was central to the RIM model (Pannell et al., 2004), which 
allowed farmers to choose from a menu of control strategies and then calculated the economic 
impacts of those strategies. However, the RIM model was not a optimising model of the types 
discussed above, but rather simulated the impacts of farmers’ decisions to help them improve 
their decisions. 
2.7 Summary 
Mathematical modelling of weeds is a large and growing area of research. Certain 
formulations, such as dose-response functions or weed-crop interaction equations, are 
becoming widely accepted. There has been less literature on bioeconomic modelling, in which 
economic and biological functions are mathematically linked and solved in a single system of 
equations.  
This bioeconomic literature on weed control reveals a number of different approaches. The 
goals of the models are different, the methods for choosing control measures vary, and the 
model outputs are similarly diverse. One particular observation to come out of this work is 
that weed control modelling is generally specific to the crops and weeds under consideration. 
In addition, although some amount of spatial and temporal aggregation is possible, the weed 
literature suggests an underlying biological heterogeneity that may be difficult to simplify. 
Finally, the models are only representations of the biology and chemistry in the field and 
simplifications of the farm environment and management. They should thus be treated as 
decision support tools, rather than sources of absolute judgements. 
Nevertheless, given the large agricultural losses attributable to weeds and the prior research in 
this area, bioeconomic modelling is a useful approach to economic evaluation of weed control 
measures. 
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Chapter 3 
Model Description 
 
A bioeconomic model has been developed for this research. This model examines control of 
Californian thistle, a pastoral weed in New Zealand. The economic setting for the weed is 
lowland sheep farms raising lambs for meat. Two methods of control are proposed. 
3.1 Model structure 
The object of the model is to maximise net income per hectare (Y). Net income is defined as 
gross revenue (rev) less expenses. Gross revenue is first multiplied by the gross margin 
proportion (grossmar) in the production budget for a crossbred ‘two year’ flock (Burtt, 2006), 
which accounts for variable costs of raising ewes and lambs, excluding weed control costs. 
From the result are subtracted the cost of using herbicide (herbcost) and the cost of defoliation 
(defocost). Defoliation is a general concept for the model and encompasses physical means, 
such as mowing, and biocontrol measures, such as use of a mycoherbicide or release of an 
insect that feeds on thistle. An additional loss term (lostN) is included to account for the 
damage that herbicide can cause to pasture clover, which fixes nitrogen from the air and adds 
it to the soil. 
 
Y = (rev • grossmar) – herbcost – defocost – lostN  (1) 
 
Gross revenue (rev) is calculated as revenue from all sources. In the case of the farm type 
modelled, crossbred ‘two year’ flocks (Burtt, 2006), income is from sale of wool from ewes 
and sale of lambs. Wool revenues are calculated as number of ewes (ewes) multiplied by the 
average wool clip (clip) and the price of wool (woolpr). Lamb revenues are a function of the 
number of lambs produced (lambs) and the price of lambs (lambpr). 
 
rev = (ewes • clip  • woolpr) + (lambs • lambpr)  (2) 
 
The nitrogen loss term (lostN) includes several elements. One factor that affects the loss of 
nitrogen fixation is the proportion of pasture clover that is lost for each litre of herbicide 
sprayed per hectare. Popay and Barlow (1988, cited in Popay et al., 1989), for example, 
estimated that one kg per hectare of 2,4-D led to a 40 per cent loss of clover. A second factor 
in determining lost nitrogen is the base rate of fixation for the pasture. Hoglund et al. (1979, 
cited in Harris & Clark, 1996) found that white clover (Trifolium repens) fixed an average of 
185 kg of nitrogen per hectare per year. A third factor in determining the financial impact of 
this loss of clover is the price of nitrogen, which was reported in Burtt (Burtt, 2006, p. B-74) 
as about $1.00 per kg (Urea of 46 per cent N priced at $464 per tonne). These are all 
multiplied by the amount of herbicide applied (H). 
 
lostN = clovloss • Nfixrate • priceN • H   (3) 
 
The costs of the two weed control methods, herbicide and defoliation, are calculated 
separately. The cost of using herbicide is considered to have a fixed component, which is 
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divided by farm size (farmsz) to yield a per-hectare cost; a per-unit cost; and a second-order 
term to account for decreasing marginal costs.  
 
herbcost = (β0 ÷ farmsz) + β1H – β2H2  (4) 
 
The cost of defoliation is represented by an exponential function that creates an increasing 
marginal cost as defoliation increases. The first term (defolmin) provides for a minimum cost 
of defoliation or a fixed cost. The difference between the minimum and maximum costs is 
then multiplied by an exponential function that allows the shape of the marginal cost curve to 
be modified. The minimum and maximum defoliation costs are exogenously determined and 
can be modelled at different levels. The exponential fraction creates an index that varies 
between zero and one, with a slope controlled by a parameter (γ). The numerator in the 
fraction includes the proportion of weed biomass that has been removed (D) as well as the 
slope parameter. 
 
defocost = defolmin + (defolmax – defolmin) • {[exp(γD) – 1] ÷ [exp(γ) – 1]}(5) 
 
The revenue per hectare, as shown in equation 2, is based on the number of ewes and lambs 
per hectare. The number of animals, in turn, is based on the production of dry matter from 
pasture and the feed requirements for ewes and lambs. Feed requirements per animal are 
exogenous. Initial calculations of feed requirements were made based on Fleming (2003), as 
shown in Table 3.1, and were also checked against figures from AgResearch’s OVERSEER® 
nutrient budget model. The number of ewes can thus be calculated as: 
 
ewes = finalDM ÷ [maint + ewelbfd + (lambing • lambfeed)],  (6) 
 
where finalDM is the net dry matter production per hectare per year in kilograms, maint is the 
pasture feed requirement to maintain a dry ewe for a year, ewelbfd is the average feed 
requirement for a ewe and lamb during preganancy and suckling, lambing is the farm’s 
lambing percentage, and lambfeed is the post-weaning lamb feed requirement. The number of 
lambs can thus be calculated as: 
 
lambs = lambing • ewes.  (7) 
 
Table 3.1: Feed requirements for ewes and pre-weaning lambs 
 Feed consumption during:  
 Maintenance Pregnancy Lactation Total 
Ewes 500 21 70 591 
Lambs (each ewe, 
lambing = 130%) - - 34 34 
   Total 625 
Sources: Fleming, 2003. 
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Final dry matter production is a function of the annual dry matter without weeds (DM), which 
is exogenous; the amount of weed infestation (weedarea), which is a proportion of pasture 
areas; and a factor (greater than 1.0) to account for livestock avoidance of pasturage near 
weed plants (wdimpact). In addition, the amount of herbicide used reduces the amount of 
pasture dry matter by reducing the amount of clover. Popay and Barlow (1988, cited in Popay, 
Barlow & Bourdôt, 1989) reported that a 40 per cent loss in clover led to a 2 per cent loss in 
gross margin. As gross margin is directly proportional to revenue and thus dry matter 
production, dry matter in the model is reduced by the amount of herbicide applied (H), the 
parameter for the impact of the herbicide on pasture clover (clovloss), and the above ratio 
between clover loss and economic impact. 
 
finalDM = DM • [1 – (weedarea • wdimpact)] • [1 – (clovloss • H • 0.02/0.40)]. (8) 
 
The level of weed infestation (Californian thistle in this model) is a function of the number of 
aerial shoots of thistle and their size. It can be calculated as the product of the final number of 
shoots per hectare (weeds) and their average size in square metres (weedsz), divided by the 
10,000 square metres in a hectare: 
 
weedarea =  weeds • weedsz ÷ 10,000.  (9) 
 
The number of shoots is influenced by several factors. First, the number of shoots is a 
function of several biological considerations. In undisturbed pasture, Californian thistle grows 
almost entirely from root buds1. These are overwintering structures on roots that produce 
shoots in the spring and summer. These shoots appear in several cohorts through the season. 
In addition, a large proportion of root buds also remain dormant. Dormancy was calculated 
from figures in Bourdot, Hurrell, Saville, & Leathwick (2006), which showed that the 
proportion of root buds forming shoots was 0.196. The new shoots have a natural mortality 
rate that limits their number. Bourdot, Harvey, Hurrell, & Saville (1995) found the proportion 
of new shoots dying was 0.006 per day. Thus, given that the proportion of new shoots 
surviving was 0.994 per day for a season of 150 days, the mortality over the season would be 
0.595 (that is, (1 – 0.994150) = 0.595). For the model, this proportion is set to 0.5. Accounting 
for dormancy and natural mortality, and aggregating the cohorts into a single annual figure, 
the number of shoots per square metre that could be controlled with herbicides is: 
 
contweed =  buds • (1 – dorm) • (1 – newmort),  (10) 
 
where contweed is number of controllable shoots per square metre, buds is the number of 
initial root buds per square metre, dorm is the annual dormancy, and newmort is the mortality 
of new shoots. 
The final number of shoots is also affected by applications of herbicide. The number of shoots 
surviving the application of herbicide is given by a dose-response equation. This is a sigmoid 
                                                 
1 Californian thistle also produces seed. Seeds tend to germinate in areas that have been disturbed, such as 
pastured that has been cultivated. Thus, a full model of Californian thistle would account for both methods of 
propagation and include parameters for cultivation. However, on undisturbed pasture, the main method of 
reproduction is root buds. 
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function with upper and lower asymptotes exogenously defined. The dose-response equation 
is:   
 
Weeds = contwds • 10,000 • {lower + (upper – lower) ÷ [(1 + exp(drcoeff  •   
ln{[1000H ÷ (contwds • 10,000 ÷ 1000)] ÷ ED50})]}.  (11) 
 
The upper and lower asymptotes are upper and lower, respectively, and are set exogenously. 
The sigmoid shape of the curve is created by the exponential and logarithmic terms in the 
denominator. The parameter drcoeff affects the curvature of the function. The parameter 
ED50 is the effective dose of the herbicide in ml that is expected to kill 50 per cent of a 
sample of 1000 target shoots. The amount of herbicide is converted to ml with the term 
1000H, and the number of controllable shoots per hectare is converted to thousands of shoots 
per hectare with the term contwds • 10,000 ÷ 1000. The logarithmic term thus returns a 
negative value if the spray rate on the farm is less than ED50, and a positive value if it is 
greater. The result is a proportion that is then multiplied by the number of shoots per hectare 
to determine the number of shoots that survive spraying. 
This equation uses parameters about the efficacy of a herbicide and its spray rate to determine 
the number of shoots remaining after herbicide application. The asymptotes set bounds for the 
expected efficacy of spraying, which can be used to restrict the proportion of shoots killed by 
the herbicide. The drcoeff parameter allows the shape of the curve to be modified. The 
equation also allows for a diminishing marginal efficacy of herbicide use: as survival 
approaches the lower asymptote, greater quantities of herbicide have diminishing impacts on 
the shoot population. Finally, the amount of herbicide, H, is one of the two decision variables 
in the model. The model optimises net income (equation 1), which is reduced by expenditure 
on herbicides (equation 4) and increased by control of pasture weeds as a result of herbicide 
use (equation 11). Assumptions underlying the modelling of herbicide control of thistle shoots 
are that the area previously occupied by a controlled shoot is recolonised by desirable pasture 
plants (e.g., grass and clover), and that this area quickly returns to the base level of 
productivity for the pasture (DM). 
The second method of control, defoliation, is specified differently in the model and has a 
different impact on the farm’s economics. Defoliation is a broad term and is intended to cover 
such activities as mowing, grazing, and use of classical biocontrol agents and mycoherbicides. 
Each of these will have similar impacts by reducing plant photosynthesis by removing plant 
biomass. Costs and efficacy will vary by activity, and the model can be calibrated to model 
these differences. 
Defoliation reduces above-ground biomass, which in turn reduces root mass and therefore 
root bud formation. It therefore benefits the farmer by reducing the number of root buds in the 
subsequent year, decreasing the value for buds in equation 10. It is not modelled, however, as 
affecting the current year’s production. The reason for this is the structure of Californian 
thistle, which has a rosette of leaves close to the ground and a tall stem. Defoliation removes 
the stem and photosynthesising tissue, but may not kill the shoot and is not likely to remove 
the rosette to allow pasture regrowth in the current year. 
The amount of above-ground biomass is calculated from the number of shoots surviving 
herbicide application and the proportion of defoliation undertaken: 
 
folsurv = weeds • folwt • (1 – D),  (12) 
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where folsurv is the foliage surviving and folwt gives the mass per shoot. The variable D, 
whose cost is assessed in equation 5, is the second decision variable for the model. The farmer 
decides on the amount of defoliation desired, which reduces the number of root buds in the 
subsequent year but incurs costs in the current year. The surviving foliage is then multiplied 
by the number of root buds produced per kilogram of foliage (budprod) to calculate the 
number of overwintering root buds: 
 
buds = budprod • folsurv.  (13) 
 
For the first year of the model, buds is set to an initial value of 268 buds per square metre 
(G.W Bourdot et al., 2006). 
Prior models that have calculated seed bank formation from weed populations have used 
equations accounting for the competition amongst weeds and between weeds and crop plants 
(Firbank & Watkinson, 1985; Holst et al., 2007). Increased competitive pressure can lead 
weed plants to set fewer seeds per plant. Thus, the seed bank increases with the number of 
weed plants but at a decreasing rate as competition reduces seed production per plant. This 
approach was not used here for several reasons. The impact of defoliation should be more 
pronounced than the impact of competition with pasture, and there is significant variation in 
mass of Californian thistle throughout its range in New Zealand. This situation can be 
modelled by adjusting the folwt variable, and could also be modelled by creating an equation 
for folwt that accounted for competition and climatic factors. In addition, the parameters 
needed to model competition accurately are not available in the biological literature. 
The impact of defoliation on bud formation brings the effect of time into the model. The 
optimal strategy will be affected by the relative values of present and future production. Thus, 
the model also includes a discount rate in order to calculate the net present value (NPV) of net 
income per hectare over several years. This is calculated as: 
 
NPV = Σ [Yt ÷ (1 + i)t],  (14) 
 
which calculates the net income for year t, t = 0 to 9 (10 years), and then divides by one plus 
the discount rate, i, raised to the power of t.  
The economic problem is to maximise the NPV of net income by optimising the levels of 
herbicide spraying and defoliation, all subject to the parameters in the model. The initial 
parameters in the model are provided in Table 3.2. The sources for the parameters have been 
noted above in the model description. It should be noted that this set of parameters leads the 
model to predict an increasing presence of Californian thistle over time, given no control 
measures. From a first-year population of 53.6 shoots per square metre, the population grows 
to 80.3 shoots per square metre in year ten. 
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Table 3.2: Initial model parameters 
Value Name Description 
Biological parameters 
268 bank Initial root bud bank (buds/m2) 
5.23 budprod Buds produced per g DM of plant matter remaining 
0.8 dorm Proportion of root buds that are dormant 
2 folwt Weight of one aerial shoot of the weed (g of DM) 
0.5 newmort Natural mortality rate of new seedlings 
185 Nfixrate Fixation rate of nitrogen by pasture clover (kg N per ha) 
1.25 wdimpact Impact of weed beyond its physical size (1 = no impact) 
0.0110 weedsz Shoot size coefficient of weed shoot (m2/shoot) 
 
Control measures parameters 
500 β0 Fixed cost for herbicide spraying ($ per farm) 
100 β1 Cost per unit of herbicide ($ per litre) 
5E-05 β2 Coefficient for decreasing marginal cost 
40 clovloss Per cent clover loss in pasture from 1 litre of herbicide (%) 
0 defolmin Fixed cost for zero defoliation ($ per ha) 
100 defolmax Cost for 100 per cent defoliation ($ per ha) 
2 drcoeff Inflection/slope coefficient for dose-response equation 
1 ED50 Effective dose for 50% control of 1000 shoots (ml) 
2 γ Coefficient for shape of defoliation cost curve 
4 lower Lower asymptote for herbicide dose-response equation (%) 
100 upper Upper asymptote for herbicide dose-response equation (%) 
 
Income calculation parameters 
3.9 clip Wool clip per ewe (kg) 
10 DM Dry matter, average (tonnes per ha) 
125 ewelbfd Feed requirement for ewe to carry and suckle lamb (kg of DM) 
150 farmsz Farm size (ha) 
0.598  grossmar Gross margin for farm (see Burtt, 2006) 
0.05 i Discount rate 
75 lambfeed Post-weaning feed requirement per lamb (kg of DM) 
130% lambing Lambing rate (%) 
$68 lambpr Average lamb sales price ($) 
500 maint Maintenance feed requirement per ewe (kg of DM) 
$1.00 priceN Price of nitrogen ($ per kg) 
$4.50 woolpr Wool price per kg ($) 
 
 
3.2 Solving the model 
The model was built in Excel and solved using the Premium Solver Platform V7.1 (Frontline 
Systems Inc., 2007). Initial work with the model determined that it often converged to a local 
optimum rather than finding a global optimum. A macro was therefore written in Visual Basic 
to run the model from a range of different starting values for herbicide use and defoliation. As 
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a result, it was possible to map the final result as a function of starting values, and to choose 
the optimal solution from the set of model runs.  
Examples are given in Table 3.3 and Figure 3.1. The table provides the total net income over 
ten years given 25 different starting values for herbicide use and defoliation rates. From these 
different starting points, the model converged to a number of different final values. In 
addition, the model was unable to converge in one instance; this is noted as NC in the table. 
Several of these final values are very close to each other. In this example, three results are less 
than 0.5 per cent below the maximum net income,  and 16 are within five per cent of the 
maximum. Thus, although the model may converge to local optima, these values are often 
close to the maximum. The graphical representation in Figure 3.1 demonstrates the same idea, 
but using 100 starting points. For this graph, the instances of failure to converge have been set 
at $5,000, below the lowest local optimum found. This figure indicates that the model reaches 
different final values depending on the initial values, but that these values are often close to 
the highest modelled result. The conclusion from this analysis is that the model should be run 
from several starting values, but that the gains in accuracy from adding more runs of the 
model diminish as more starting points are added. 
 
Table 3.3: Model convergence for different starting values 
Initial 
herbicide 
(litres/ha) 
Initial 
defoliation 
(%) 
NPV of net 
income  
($/ha) 
Difference from 
maximum  
(%) 
0.20 18.0% $6,848 0.00% 
0.20 36.0% $6,538 -4.52% 
0.20 54.0% $6,743 -1.53% 
0.20 72.0% $6,822 -0.37% 
0.20 90.0% $6,590 -3.76% 
0.40 18.0% $6,745 -1.51% 
0.40 36.0% $6,372 -6.94% 
0.40 54.0% $6,735 -1.64% 
0.40 72.0% $6,574 -3.99% 
0.40 90.0% $6,422 -6.21% 
0.60 18.0% $6,699 -2.17% 
0.60 36.0% $6,358 -7.15% 
0.60 54.0% $6,435 -6.03% 
0.60 72.0% $6,845 -0.04% 
0.60 90.0% $6,847 -0.01% 
0.80 18.0% $6,649 -2.91% 
0.80 36.0% $5,662 -17.31% 
0.80 54.0% $6,680 -2.44% 
0.80 72.0% $6,559 -4.22% 
0.80 90.0% $6,551 -4.33% 
1.00 18.0% $6,218 -9.20% 
1.00 36.0% $6,579 -3.92% 
1.00 54.0% $6,744 -1.52% 
1.00 72.0% NC NC 
1.00 90.0% $6,438 -5.99% 
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Figure 3.1: Model convergence for different starting values 
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Note: For instances when model failed to converge, the solution value has been set at 5.0 for 
the purpose of graphing. 
 
The model calculates weed impacts and control over ten years, and optimises the NPV of net 
income. The series of decisions over those ten years is thus of interest. Some time series 
results from the model are presented in Figure 3.2. In the figure, herbicide use is depicted with 
solid lines, and they relate to the left-hand axis. Defoliation is depicted with dashed lines, and 
they relate to the right-hand axis. Three different model runs are presented for the same set of 
parameters but different starting values for herbicide and defoliation rates and different final 
results. As before, the final results of the three runs are fairly close, with the two lower values 
being less than one-half of one per cent smaller than the maximum.  
The time-series results from this model suggest that the optimal strategy is to eradicate the 
Californian thistle over the first two to three years, and then spend nearly zero on weed 
control afterwards. Mostly, this control is achieved with herbicide and not defoliation, 
reflecting the relative costs of the two methods of control given the base parameters. Different 
rates of spray achieve quite similar results: spraying at 0.77 litres per hectare versus 0.54 litres 
per hectare in the first year changes the final net income very little. 
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Figure 3.2: Time-series comparison of different model solutions for one set of parameters 
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Figure 3.3: First-year herbicide use and defoliation rates by final net income  
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The different final results given the starting values is only part of the story, however. There 
are two additional points to be made, and they relate to Figure 3.3. This figure plots the 
estimated first-year use of herbicide and proportion of defoliation, taken from the model 
solutions, against the final NPV of net income for each model run. These are the same 100 
iterations as in the previous figure, with the four instances of lack of convergence removed. 
First, this figure confirms the prior one in demonstrating that many different iterations 
achieved very similar final results. This is shown by the clump of dots at the top of the net 
income plane in Figure 3.3, and by the number of high spots on the figure. Thus, many 
different starting points lead to solutions close to the maximum. Put another way, any given 
starting point has a high probability of finding a solution within five per cent of the 
maximum. The second observation from Figure 3.3 is the spread of points high on the net 
income plane. While the model results with high net incomes are clustered together, they are 
not exactly the same and there are one or two outliers. This spread is potentially indicative of 
a ‘flat maximum’: there may be a range of weed control strategies that result in largely similar 
net incomes. In using the model for empirical analysis, it may be important to investigate 
whether a set of parameters does indeed have a range of nearly-optimal solutions. 
3.3 Sensitivity analysis 
The model parameters are based on the economic and biological literature about sheep 
farming and Californian thistle. Each parameter adds some uncertainty to the model due to the 
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uncertainty around its appropriate value. To gain some understanding of the potential impacts 
of alternative parameter values on model performance, sensitivity analysis was undertaken. In 
this analysis, key parameters were changed from the base values and the model re-solved. The 
impact of changing the parameter values was calculated for discounted net income, 
discounted herbicide cost, and discounted defoliation cost. 
The issue arises of how to measure the sensitivity of the model to parameter changes. Holst et 
al. (2007) proposed two sensitivity indices: 
 
( ) / ( )
/
f p p f p
p p
ε + Δ= Δ  and 
max min
max
( ) ( )
( )
f p f pSI
f p
−= . (14) 
 
The first measure, however, is itself sensitive to the direction of the sensitivity. If the model 
result is positively affected by a parameter, the measure takes a higher value than if it is 
negatively affected. For example, assume that a 20 per cent increase in a parameter leads to a 
20 per cent increase in the model result: the sensitivity index is 6.0 (1.20 ÷ 0.20). If, on the 
other hand, the 20 per cent increase in the parameter leads to a 20 per cent decrease in the 
model result, the sensitivity index is 4.0 (0.80 ÷ 0.20).  
The second proposed sensitivity index has a different limitation. The measure does not 
account for the change in the parameter value, only for the change in the outcome of the 
model. Thus, for comparing sensitivity across parameters or across models, the change in 
parameter values needs to be standardised. If this index is always calculated for the same 
change, say, a 50 per cent change in parameters, then it can be used to make comparisons. 
Otherwise, some other measure is required. 
The sensitivity measure used here to quantify the impact of changes in parameter values is: 
 
( ( ) ( )) / ( )
/
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which calculates the percentage change in the model result divided by the percentage change 
in the parameter. This is analogous to the economic concept of elasticity (percentage change 
in quantity divided by the percentage change in price). The sign of the measure indicates 
whether the parameter is negatively or positively correlated with the model result, and the 
magnitude indicates the relative impacts. If the absolute value of the sensitivity measure is 
greater than one, then the model result changes by more than the change in the parameter. 
The results for sensitivity testing of the model are given in three tables. Table 3.4 presents the 
sensitivity of net income (NPV) to different parameter values. The names of the parameters 
are provided in the first column. The  ‘Parameter values’ columns list the base value of each 
parameter and two alternative values that were used in the sensitivity analysis. The last two 
columns provide the results of the sensitivity measure for the two alternative values.   
The results indicate a range of sensitivities to the parameters. Net income appears insensitive 
to defoliation costs, for example. In the base case, defoliation is essentially not attempted, so 
its costs do not affect net income. As defoliation becomes cheaper, it begins to replace some 
herbicide use. However, the largest herbicide expense is in the first year, in which defoliation 
can have no impact on pasture loss from Californian thistle, so this expense is still incurred. 
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The initial values of several other parameters also have little impact on net income, including 
several biological variables whose initial value is uncertain. These include root bud 
production per kilogram of shoot biomass, the herbicide dose-response function coefficient, 
the ED50 for the herbicide, the cost of the herbicide per litre, the amount of herbicide damage 
to clover, the nitrogen fixation rate for clover, and the price of nitrogen. The lack of 
sensitivity is due in large part to the fact that, regardless of the starting parameters, the model 
tends to exterminate the thistle in the first two to three years and then produce in Californian 
thistle-free pasture for the final seven or eight years. The discount rate has an impact on net 
income over ten years, as does the root bud dormancy. Finally, the base dry matter production 
of pastures has nearly a one-to-one relationship with net income. 
 
Table 3.4: Sensitivity measures for modelled net income for selected parameters 
-- Parameter values -- -- Sensitivity Measures -- 
Parameter Name Base case Alternative 1 Alternative 2 Alternative 1 Alternative 2
dorm 0.8 0.6 0.7 0.16 0.16 
budprod 5.23 4 8 -0.01 -0.01 
drcoeff 2 1 3 0.03 0.02 
effdos50 1 0.5 2 -0.03 -0.02 
herbcost 100 50 150 -0.01 -0.01 
defolmax 100 10 200 0.00 0.00 
defolfac 2 1 4 0.00 0.00 
discount 0.05 0.01 0.1 -0.23 -0.17 
DM 10 8 12 1.03 1.03 
clovloss 40 30 50 -0.01 -0.01 
Nfixrate 185 120 240 -0.01 -0.01 
priceN 1 1.5 2 -0.01 -0.01 
 
Other model outputs may be sensitive to initial parameters, so the sensitivity of the two 
control measures was assessed. These results are presented in Table 3.5 and Table 3.6. 
Spending on control measures is more sensitive to initial parameters than net income. Of the 
biological parameters, the dormancy rate has a relatively large impact on herbicide spending. 
The parameters that describe the cost and effectiveness of herbicides, the ED50 and cost per 
litre, have positive relationships with total herbicide spending. There are also some 
asymmetric sensitivities. As defoliation costs decrease, herbicide spending also appears to 
decrease as one control measure is substituted for the other. However, at the base parameter 
values, the rate of defoliation is zero. As its cost rises further, there is little impact on 
herbicide spending. The extent of clover damage from herbicide has a similar relationship: if 
the level is lower, then herbicide use increases, but if the level is higher, there is no impact on 
herbicide use. Finally, pasture dry matter also appears to have a non-linear relationship with 
herbicide spending. At levels that are both lower and higher than the base, spending is 
decreased. Because herbicide use both allows more pasture to be grazed and increases pasture 
damage, the optimum spray level is a complex relationship. It is also important to bear in 
mind the early model testing, which suggested that multiple strategies can lead to similar 
results. 
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Table 3.5: Sensitivity measures for modelled herbicide for selected parameters 
-- Parameter values -- -- Sensitivity Measures -- Parameter 
Name Base case  Alternative 1 Alternative 2 Alternative 1 Alternative 2
dorm 0.8 0.6 0.7 -2.79 -2.83 
budprod 5.23 4 8 0.15 -0.01 
drcoeff 2 1 3 0.00 -0.31 
effdos50 1 0.5 2 0.66 0.38 
herbcost 100 50 150 0.78 0.51 
defolmax 100 10 200 0.16 -0.01 
defolfac 2 1 4 -0.01 -0.18 
discount 0.05 0.01 0.1 0.02 -0.05 
DM 10 8 12 0.17 -0.15 
clovloss 40 30 50 0.16 0.01 
Nfixrate 185 120 240 0.00 0.00 
priceN 1 1.5 2 0.00 -0.03 
 
The sensitivity of defoliation to initial parameters is even higher than that of net income or 
herbicide use. As before, the dormancy, which determines the conversion of root buds to 
shoots, is important in determining the extent of defoliation.The parameters controlling the 
cost and effectiveness of defoliation also significantly affect defoliation spending. Defoliation 
is also affected by herbicide parameters as the two control measures are substituted for each 
other. An interesting result is that the price of nitrogen affects the use of defoliation as a weed 
control measure. As nitrogen becomes more expensive, the damage to clover becomes a 
important term in the model and reduces the demand for herbicides. Finally, many of the 
calculated sensitivity measures are zero, because the parameter changes are insufficient to 
move the level of defoliation from its base value of one per cent. 
 
Table 3.6: Sensitivity measures for modelled defoliation for selected parameters
-- Parameter values -- -- Sensitivity Measures -- Parameter 
Name Base case  Alternative 1 Alternative 2 Alternative 1 Alternative 2
dorm 0.8 0.6 0.7 -67.38 -65.36 
budprod 5.23 4 8 0.00 6.09 
drcoeff 2 1 3 -17.07 0.00 
effdos50 1 0.5 2 0.00 5.41 
herbcost 100 50 150 0.00 5.28 
defolmax 100 10 200 -2.69 1.00 
defolfac 2 1 4 -1.70 2.89 
discount 0.05 0.01 0.1 -0.15 -0.17 
DM 10 8 12 0.00 1.30 
clovloss 40 30 50 0.00 0.00 
Nfixrate 185 120 240 0.00 0.00 
priceN 1 1.5 2 0.00 0.22 
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An issue with sensitivity indices, regardless of how they are calculated, is determining their 
meaning. One view is that low sensitivity indicates a model that is robust to misspecification 
of parameters. Thus, if the actual value of a parameter is different from the model value, the 
result of the modelling exercise and the conclusions drawn from the analysis are probably still 
valid. On the other hand, a high sensitivity indicates a responsive model, i.e., one whose 
results are affected by inputs. A responsive model then provides greater indications of how a 
system might change or be changed, while an insensitive model suggests stasis or 
homeostasis. The final interpretation may rest on whether the parameters in question are 
considered background variables or decision variables. The best situation is perhaps one in 
which the model is insensitive to changes in background variables describing the system, 
while remaining responsive to decision variables. 
In the present model, net income is relatively insensitive to the values of most parameters. 
The highest calculated sensitivities, excepting dry matter levels, were less than 0.25, so that a 
one per cent change in any value leads to less than one-quarter of one per cent change in net 
income. The sensitivity to dry matter, 1.03, is sensibly given the nearly linear relationship 
between dry matter and net income. Thus, the model appears sensible in terms of economics, 
because it does not suggest that huge financial gains could be made with just a few small 
changes, and robust to misspecification. On the other hand, the modelled weed control 
measures appear quite sensitive to some parameters, and sometimes in non-linear ways. This 
aspect of the model suggests that a range of weed control strategies could be effective, and 
that weed control behaviours could be affected by price signals or technological 
developments. However, it also suggests that conclusions should be drawn cautiously from 
modelling results. 
3.4 Summary 
The purpose of this chapter has been to describe the equations in the model and present some 
initial parameters. In addition, the basic model was solved several times in order to identify 
characteristics of model solutions. The ability of the model to find a global optimum was 
tested from many starting values, with the result that it is recommened that the model be 
started from several different values to find the solution for any given set of parameters. The 
sensitivity of the model to initial parameter values was also tested. Net income, which the 
model maximises, is relatively insensitive to parameter values. The model thus appears 
economically robust. However, weed control measures are affected by parameters. While this 
result is not unexpected, it does suggest that care needs to be taken in running the model and 
using the results for agricultural decisions or policy conclusions. 
With the presentation and testing concluded, this report now turns to model scenarios that 
adjust the parameters of the model. For this analysis, the same approach of running the model 
several times from different starting values will be used. In general, the best result for each set 
of parameters will be used to represent the solution. However, it is important to bear in mind 
the possibility of a flat maximum and the heterogeneity of strategies. 
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Chapter 4 
Analysis and Results 
 
 
Two types of analysis were conducted using the model. The first was a break-even analysis 
that assessed the profitability of weed control at different levels of infestation. The second 
type of analysis was scenario modelling to assess the potential impact of alternative methods 
of weed control. The sections below present each of these two types of analysis, discussing 
the specific changes made to the model and the results obtained. 
4.1 Break-even analysis 
A key parameter in the economic impact of Californian thistle is the extent of infestation. 
Greater infestation causes greater reduction in pasture production, but also requires greater 
costs to control. It is interesting, therefore, to consider how revenues and costs change over a 
range of infestation rates or density of stands of shoots. 
By adjusting the number of root buds (bank), the number of controllable shoots per square 
metre was increased stepwise. The model was then solved at each new level of infestation. 
Table 4.1 presents some results from modelling these different densities. The first column 
indicates the density of shoots, from nearly none to a relatively dense stand of 70 per square 
metre (the density applies over the whole hectare modelled). The second column indicates the 
net revenue per hectare in the first year if no control measures are undertaken. The maximum 
revenue was calculated as $874, and revenue approaches zero as the density exceeds 70 
shoots per square metre. The third column provides the net revenue per hectare with the 
control costs added back, or the gross margin (revenue less costs of production) given weed 
control. These were obtained by optimising the model at each level of infestation. As initial 
shoot density increases, the net revenue decreases, but per-hectare revenue is still $576 with 
an initial shoot density of 70.  
The final column in Table 4.1 is the difference between revenue without control and revenue 
with control. It therefore indicates the increased value in the first year to the farmer of having 
weed control. These figures can also be considered an estimate of the break-even point for 
annual weed control. If weed control at a given density would cost more than the figure in the 
last column, then it would not be economical on a year-by-year basis. At low densities, 
production losses are rather low, so the break-even points for control costs are also low. At 
higher densities, substantial effort to clear the pasture of Californian thistle would yield 
economic benefits. Importantly, these figures do not include the dynamic impacts of 
populations increasing or decreasing over time. Given a stream of future revenues and the 
possibility of eradicating Californian thistle in a given area due to its method of reproduction, 
the break-even point for current control costs depends on the time horizon and discount rate 
of the farmer. 
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Table 4.1: Impact of weed density, first year 
Controllable 
shoots per 
square metre
Income without 
control ($/ha) 
Income with 
control, before 
control costs 
($/ha) 
Gain from using 
weed control 
($/ha) 
0.01 874 876 2 
5 813 855 42 
10 753 833 80 
15 693 812 119 
20 633 790 157 
25 572 768 196 
30 512 747 235 
35 452 725 273 
40 392 704 312 
45 332 682 350 
50 271 661 390 
55 211 639 428 
60 151 618 467 
65 91 597 506 
70 30 576 546 
 
4.2 Scenario modelling 
Scenario modelling was used to consider the potential economic value of an alternative weed 
control method. The specific type of weed control envisioned was a method that defoliates 
Californian thistle, thus reducing its ability to reproduce. One possible method of defoliation 
is a classical biocontrol programme that identifies and releases an insect. The insect would 
feed on the leaves of Californian thistle and be able to establish itself in infested areas. Other 
possible methods of defoliation are a biocontrol agent that could be transmitted via an insect 
vector, thus infecting the Californian thistle and reducing its ability to photosynthesise, or a 
mycoherbicide that could be applied to stands of Californian thistle.  
Specifics aside, the model can be used to estimate the potential economic value of a 
successful biological control research programme, one that had developed a weed control 
method with a low per-hectare cost of application. To do this, the scenarios were developed 
and then solved with the per-hectare cost of defoliation (defolmax) set at two levels. One 
level, representing current costs, was $200 per hectare. The second level, representing a 
successful biological control programme, was $10 per hectare. The model was solved for a 
five-year period, rather than the ten-year period used in sensitivity testing, because 
Californian thistle populations were generally eradicated by the third year in the modelling. 
Results are presented in the next sections. 
The sensitivity analysis discussed in Chapter 3 indicated that the base model is insensitive to 
the cost of defoliation, because the method is not used given the base parameters. Decreasing 
the cost of defoliation will have little impact on the use of defoliation as a control method, 
given the set of prices and costs represented by the base parameters. However, as Doyle 
(1991) suggested, models can be used to investigate the impacts of possible actions given 
different potential future states of the agricultural sector. Not only may the cost of defoliation 
change, but several aspects of sheep farming in New Zealand could change. Model scenarios 
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were developed to analyse the potential impacts of successful biological control given other 
changes to the sector. Sets of scenarios are described in subsections below. 
4.2.1 High petroleum costs 
The first set of scenarios considered the impact of large increases in the price of petroleum. 
One source of the increased cost could be competition for petroleum as a result either of 
increased demand from developing regions or decreased supply. Another potential source of 
the price increase could be increased cost of using petroleum because of environmental taxes 
or carbon credit payments. Increased petroleum prices would affect weed control in at least 
two ways. First, the cost of spraying with herbicides would increase. Some of this increase 
would be higher fuel costs associated with running a tractor or other mode of transport. 
Another part of this increase will be the higher cost of petroleum-based herbicides. The higher 
cost of herbicide spraying was simulated by raising the per-hectare herbicide cost parameter 
(herbcost) from $150 to $300 and then to $450. The second impact of the increased cost of 
petroleum would be to raise the cost of petroleum-based nitrogen fertilisers to farmers. In the 
model, herbicide use on pastures damaged clover that fixed nitrogen for the benefit of the 
pastures. If clover were damaged, the nitrogen would have to be purchased off-farm. To 
simulate this impact of increased petroleum prices, the cost of nitrogen (N) was raised from 
$1 to both $2 and $3. The result was one base scenario and four alternative scenarios. 
The results of the modelling are presented in Table 4.2. The first row presents the model 
result for each scenario. This figure is the net present value over five years of the net income 
per hectare after the costs of weed control. The second row indexes these results, with the 
base scenario having an index value of 1.00. The difference between the result for the 
scenario and the base value (1.00) is the proportional change between the two.  
The third and fourth rows provide data for calculating the estimated national impact on the 
sheep sector between the base case and the alternative model scenario. The third row indicates 
the proportion of acreage infested with Californian thistle. This figure was taken from a 
survey of Otago Southland sheep farmers (Labes, 2000), which found that the proportion of 
land infested was 0.52. This figure scales the model results to the prior survey results 
indicating the size of the infestation. However, this approach also assumes that all infested 
areas in intensive, lowland sheep farming are infested at a similar level, and that this level is 
correct in the model. The fourth row provides an estimate of the national gross margin 
(revenues less variable expenses) over five years from this type of sheep farming. It is based 
on the number of sheep in intensive, lowland sheep farming, 17.1 million (Con Williams, 
pers. comm., 05 October 2007), and the average gross margin per stock unit for this type of 
farming, $74.15 (Burtt, 2006). The discounted gross margin figure over five years is $5,764 
million, calculated as follows: 
 
( )4
0
17.1 74.15 1.05 5,764t
t=
⎡ ⎤• ÷ =⎣ ⎦∑  
 
The calculations in the table are thus based on an assumption that the farm budget in Burtt 
(2006) is an average value for the gross margin across all farms involved in intensive, lowland 
sheep farming. The net present value of the annual figure is calculated over five years at a 
discount rate of five per cent, to match the output from the model in row 1 of the table. 
The figure in row 5, the difference between the scenario and the base, is the product of the 
proportion of acreage infested (0.52), the five-year national discounted gross margin ($5,764 
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million), and the difference between the results index for the scenario and the index base of 
1.00. It provides an estimate of the economic impact of the changes modelled in each 
scenario. A sample calculation is as follows. For the scenario in which petroleum prices 
double and defoliation continues to remain expensive, the difference between the scenario 
result and the base case is 0.959 – 1.00 = -0.041. Multiplying the infestation level and the 
total gross margins for the affected sheep farms by this difference yields -$123 million: 
 
0.52 • 5,764 • -0.041 = -123. 
 
That is, the doubling of petroleum prices with no change in defoliation costs is expected to 
lead to a $123 million reduction over five years in gross margins from lowland, intensive 
sheep farming. 
Finally, the last row assesses the impact of having a successful biological control programme. 
It presents the difference in sheep sector incomes for pairs of scenarios. One scenario includes 
the current cost of defoliation while the other includes the lower per-hectare cost as a result of 
successful research in biocontrol, leading to low-cost biological control using either a 
classical or mycoherbicide approach. This figure represents the estimated net present value 
over five years to the farm sector of having biological control of Californian thistle in 
intensive sheep production systems. That is, given the changes that could occur in the price of 
petroleum, the choice of actions is between pursuing biological control and not pursuing it. 
The difference between the outcomes of these actions is given by the figures in the final row. 
If the price of petroleum, an important farming input, were to increase, then returns to 
intensive sheep farming would decrease. The losses attributable to control of Californian 
thistle – cost of herbicide application and replacement of nitrogen from clover – would be 
around $123 million nationally over five years if petroleum doubled in price; if petroleum 
prices tripled, the losses would be around $219 million. These losses result from higher 
herbicide costs as well as lower herbicide usage, leading to losses of stocking capacity 
compared to the base scenario. On the other hand, research leading to low-cost defoliation of 
Californian thistle increases the use of defoliation as a weed control measure, from minimal 
use in the base scenario to over 90 per cent in the alternative scenarios. As a result, losses are 
reduced by $81 million dollars over five years when petroleum prices double, and by $123 
million dollars when these prices triple. These figures may be understated, because the cost of 
defoliation without biocontrol was not increased as petroleum prices rose. Thus, if the 
alternative to biocontrol is defoliation by mowing, the difference between the two methods 
would be even larger. 
4.2.2 Premium for herbicide-free production 
Another possibility for the future is that overseas consumers may be willing to pay a premium 
for New Zealand lamb if it could be raised without chemical herbicides. If such a market were 
established, a non-chemical method of controlling Californian thistle could be beneficial. To 
estimate the impact of a premium and a new weed control method, the parameters for lamb 
prices (lambpr) and the cost of defoliation (defolmax) were changed in several scenarios. 
Three different prices were modelled, including a five per cent, ten per cent, and 15 per cent 
premium. Two different costs of defoliation were considered, as indicated above: $200 per 
hectare and $10 per hectare (simulating classical biological control). A total of six alternative 
scenarios were modelled in addition to the base. 
The results for the no-spray premium modelling are presented in Table 4.3 in the same format 
as the prior modelling results. Given the present technology, a five per cent premium on lamb 
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prices reduces the net income to intensive sheep farming in New Zealand, and a ten per cent 
premium yields a modest $30 million benefit over five years. A fifteen per cent premium 
leads to greater gains, even at the current high cost of physical defoliation. Compared to these 
results, the availability of low-cost defoliation increases net income over five years by $153 
million dollars at all premium levels. This constant result regardless of the premium occurs 
because the profit-maximising decision within the range of prices and costs modelled is to 
pursue full control of Californian thistle. If sprays are not permitted, then control happens 
through defoliation. The difference within pairs of scenarios is simply the reduced cost of the 
defoliation. However, if sheep farmers expect to make a loss if they forego herbicides to 
pursue a premium, such as happens with the five per cent premium modelled here, they will 
likely continue with existing production practices. Thus, at the five per cent premium, the 
low-cost defoliation is allowing farmers to pursue a premium market profitably, leading a net 
gain of $60 million over five years (the difference between the alternative scenario and the 
base). 
4.2.3 Herbicide resistance 
A continuing issue with herbicides is the development of resistance by target species. If 
herbicide resistance does develop in Californian thistle and no replacement herbicide is 
available, then the efficacy of herbicide use declines and defoliation becomes an attractive 
alternative. Farmers will be faced with the same decision as before – how much herbicide to 
apply and how much to pursue defoliation as a weed control measure – but the optimal mix of 
measures may change as herbicide becomes less effective. Herbicide resistance can be 
expected to affect farmgate revenues for several reasons: herbicide use may increase to 
compensate for reduced efficacy; farmers may change to other control measures; and 
Californian thistle populations may increase, leading to larger losses in pasturage and to lower 
stocking rates. 
The first set of scenarios examining the impact of herbicide resistance included two levels of 
resistance as well as the two levels for the cost of defoliation. The two resistance levels were 
modelled by setting the lower asymptote for the herbicide dose-response curve (lower) to 20 
per cent and 40 per cent, up from the base level of four per cent. As a result, farmers could not 
achieve more than either 80 per cent control or 60 per cent control of Californian thistle with 
herbicide application. With the two different levels of defoliation cost, a total of four 
scenarios were modelled. 
The results of this first set of herbicide resistance scenarios are presented in Table 4.4. As 
herbicide resistance develops, losses are incurred in intensive sheep production. At  
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Table 4.2: Scenario set 1: Increased petroleum prices, five-year impact 
   Petroleum prices doubled Petroleum prices tripled 
Measure Base 
Expensive 
defoliation 
Biological 
control 
Expensive 
defoliation 
Biological 
control 
Net income from model result ($) 3,715 3,561 3,662 3,444 3,597 
Results index (base scenario = 1.00) 1.000 0.959 0.986 0.927 0.968 
Proportion of affected acreage 0.52 0.52 0.52 0.52 0.52 
Base national gross margin ($ million) 5,764 5,764 5,764 5,764 5,764 
Difference from base ($ million) -- -123 -42 -219 -96 
Benefit of inexpensive defoliation ($ million) -- -- 81 -- 123 
 
 
 
 
 
 
Table 4.3: Scenario set 2: No-spray premium, five-year impact 
    5% premium lamb price 10% premium lamb price 15% premium lamb price 
Measure Base 
Expensive 
defoliation 
Biological 
control 
Expensive 
defoliation 
Biological 
control 
Expensive 
defoliation 
Biological 
control 
Net income from model result ($) 3,715 3,599 3,789 3,751 3,942 3,904 4,094 
Results index (base scenario = 1.00) 1.000 0.969 1.020 1.010 1.061 1.051 1.102 
Proportion of affected acreage 0.52 0.52 0.52 0.52 0.52 0.52 0.52 
Base national gross margin ($ million) 5,764 5,764 5,764 5,764 5,764 5,764 5,764 
Difference from base ($ million) -- -93 60 30 183 153 306 
Benefit of inexpensive defoliation ($ million) -- -- 153 -- 153 -- 153 
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Table 4.4: Scenario set 3a: Development of herbicide resistance, five-year impact 
   20% resistance, current herbicide prices 40% resistance, current herbicide prices 
Measure Base 
Expensive 
defoliation 
Biological 
control 
Expensive 
defoliation 
Biological 
control 
Net income from model result ($) 3,715 3,615 3,722 3,504 3,677 
Results index (base scenario = 1.00) 1.000 0.973 1.002 0.943 0.990 
Proportion of affected acreage 0.52 0.52 0.52 0.52 0.52 
Base national gross margin ($ million) 5,764 5,764 5,764 5,764 5,764 
Difference from base ($ million) -- -81 6 -171 -30 
Benefit of inexpensive defoliation ($ million) -- -- 87 -- 141 
 
 
 
Table 4.5: Scenario set 3b: Development of herbicide resistance, doubled herbicide prices, five-year impact 
   20% resistance, doubled herbicide prices 40% resistance, doubled herbicide prices 
Measure Base Expensive defoliation 
Biological 
control 
Expensive 
defoliation 
Biological 
control 
Net income from model result ($) 3,715 3,516 3,661 3,442 3,625 
Results index (base scenario = 1.00) 1.000 0.946 0.985 0.927 0.976 
Proportion of affected acreage 0.52 0.52 0.52 0.52 0.52 
Base national gross margin ($ million) 5,764 5,764 5,764 5,764 5,764 
Difference from base ($ million) 0 -162 -45 -219 -72 
Benefit of inexpensive defoliation ($ million) -- -- 117 -- 147 
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the 20 per cent resistance level, these losses amount to $81 million over five years; at the 40 
per cent resistance level, the losses increase to $171 million. The losses are the result of 
reduction in the amount of pasture dry matter produced and a shift to defoliation as a control 
measure. If low-cost defoliation is available, however, the development of herbicide 
resistance has only a small effect on the industry. In the case of 20 per cent resistance, the 
change is minimal at an increase of $6 million over five years, while in the case of 40 per cent 
resistance, the industry sustains a loss of $30 million compared to the base scenario.  
The measure of the contribution of research into alternative control methods is the difference 
between herbicide resistance with the alternative and herbicide resistance without it. The 
estimate of the value of the research over five years is given in the last row of the table. The 
difference for the two scenarios modelling a 20 per cent resistance is $87 million over five 
years. For the 40 per cent resistance scenarios, the difference is even larger at $141 million. 
Successfully reducing the per-hectare cost of defoliation would thus provide an important tool 
to intensive sheep farmers and mean millions of dollars more in farmers’ income. 
Another future possibility was modelled with a second set of scenarios regarding herbicide 
resistance. For these scenarios, the same levels of herbicide resistance and the same costs of 
defoliation as above were used. An additional complication of increasing herbicide prices was 
also included. This was modelled by increasing the per-hectare cost of using herbicide 
(herbcost) from 150 to 300.  As seen in Table 4.5, the same pattern emerges as before, but the 
losses are higher. With the current technology, the losses over five years are $162 million 
with 20 per cent resistance and $219 million with 40 per cent resistance. If low-cost 
defoliation methods are developed, losses are estimated at $45 million and $72 million, 
respectively. The differences within pairs of scenarios – which measures the value of research 
into biological control of Californian thistle – are $117 million for the 20 per cent resistance 
scenarios and $147 for the 40 per cent resistance scenarios. Successful research can thus 
potentially contribute significant value to the sheep sector, given some plausible depictions of 
future herbicide efficacy and cost. 
4.3 Summary of results 
This sections has presented a number of scenarios that examine many different possibilities 
for the future of intensive sheep farming. The focus has been the potential economic return to 
an effort to reduce defoliation costs, for example by introducing a biocontrol agent that fed on 
Californian thistle. The exact value of such a programme depends critically on what else 
happens in the sector. For this reason, a model is particularly useful for developing potential 
scenarios and calculating the economic impacts. 
The results suggest that the intensive sheep farming sector could grow or shrink by as much 
as $219 million dollars over five years, depending on several factors. Importantly, having an 
alternative method of control such as defoliation through biocontrol reduces the potential 
losses and increases the potential gains. The value of having this alternative available, just for 
this one species and only for this part of the livestock sector, was calculated at between $81 
million and $153 million over five years. 
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Chapter 5 
Conclusion 
 
Production losses due to agricultural weeds are a significant source of economic losses in 
New Zealand (G.W Bourdot et al., 2003; Hackwell & Bertram, 1999). Reducing these losses 
through improved weed control has the potential to contribute greatly to the economy. 
However, improving weed control requires long-term, sustained research into weed biology 
and ecology, chemistry, farm management, and other areas (Sinden & Griffith, 2007; Sinden 
et al., 2004). The success of the identified methods should ideally be robust to future changes 
in the agricultural system, so that the research has the widest possible application given 
uncertainties about the future. 
It is in this context that bioeconomic models can help. Bioeconomic models combine 
information about weed biology and ecology with economic information into systems of 
equations representing the complexity of agro-ecosystems. One such model was developed 
for the present research. It focused on the behaviour and impacts of Californian thistle in 
intensive sheep farming in New Zealand. This appears to be the first attempt to develop such a 
model for Californian thistle, so the model modified equations from prior work to the specific 
biology of this species. In particular, the reproduction via root buds instead of seeds affected 
the modelling of plant behaviour.  
Analysis using the model found that successful biocontrol of Californian thistle could be 
valuable to sheep farming. Sensitivity analysis found that the initial model was insentive to 
the cost of defoliation, indicating that biological control may have limited value if other costs 
of production and market prices remain at current levels. However, production costs may 
change in the future, and there may also be scope for marketing environmentally friendly 
sheepmeat. By modelling different scenarios, including increased petroleum prices, the 
development of herbicide resistance, and consumer demand for no-spray products, the 
analysis simulated potential future impacts on agriculture. Although the future may be 
uncertain, the research used the model to consider a number of possibilities and estimate the 
value of successful biocontrol given these possibilities. The model results suggested that the 
economic benefit of successful biocontrol could be between $81 million and $153 million 
over five years. This benefit was evident in a range of future scenarios, suggesting that 
biocontrol may be a useful strategy for insulating the industry from potential future shocks. 
This research has been based on the most recent work on bioeconomic modelling (Holst et al., 
2007; Jones et al., 2006). In addition, several extensions to prior research were incorporated. 
First, the model allows optimistation over continuous levels of weed control for two different 
methods. Prior research has allowed an optimal level of one method, herbicide use, to be 
determined (Fernandez-Quintanilla et al., 2006), or has allowed optimal selection from a 
menu of discrete control methods (Jetter, 2005). Secondly, the model accounts for the 
deleterious effect of herbicide use on clover in pasture and hence nitrogen fixation. That is, 
herbicide use has the benefit of reducing Californian thistle but the cost of requiring 
additional application of nitrogenous fertiliser. Incorporating the negative consequences of 
herbicide use improves the realism of the model for analysis of pastoral agriculture. 
The work has also identified potential areas of future research. The most important expansion 
would be using this framework to analyse other weed species and other production systems. 
This expansion would require adjusting some of the model parameters, but would likely also 
require modifications to the equations. This model of Californian thistle could also be 
extended to account for multiple methods of reproduction. Growth from root buds is the most 
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significant method of reproduction in undisturbed pasture and was therefore the weed biology 
modelled here. A more complex model could include reproduction from root buds and seeds, 
and then include tillage or pasture renovation as part of the farming activities. The resulting 
model would provide a more complete picture of the possible impacts of Californian thistle. 
One of the judgements made in developing this model was the variables for representing 
farmers’ decisions. As indicated above, some modelling has represented weed management 
decisions as a menu of choices from which the farmer selects. In such cases, farmers may 
choose to spray herbicide at one or two different rates per hectare, rather than choosing any 
rate deemed sufficient to do the job. In the present model, the decision variable was the 
amount of herbicide to be sprayed per hectare. This amount was then translated into the 
amount of herbicide applied per 1000 shoots to calculate the dose that shoots received. This 
method allowed the decision variable to be realistic from a farmer perspective – how much 
herbicide should be sprayed on this area? – while also accurate from a toxicology perspective 
– how will weeds respond to this dose of herbicide? The other decision variable in the model 
was the proportion of defoliation undertaken. Again, this variable was judged to be a 
relatively realistic analogue for a farmer’s decision. Early work with the model treated the 
defoliation decision as the amount of biomass removed. While proportion of defoliation and 
amount of biomass removed are directly related to each other, the former is more intuitively 
and descriptively appealing. These were judgements made in designing this model, and future 
work could consider other ways of representing these same control methods. 
Another important extension of this research would be to include social and environmental 
consequences of weed control measures. These could, in the first instance, be unidirectional 
outputs from the weed control decisions. For example, allowing weeds to grow could harm 
the amenity value of pastures, or using specific herbicides could harm non-target species. A 
more complex specification in which weed control measures have feedback into the decision 
variables is already included in this model but could be expanded. In this model, use of 
broadleaf herbicide harms pasture clover as well as the target species. Reducing weeds 
increases revenues, but harming clover increases costs. The model finds the optimum balance 
between these competing effects. If a bioeconomic model were intended to capture social or 
environmental effects and demonstrate their potential impacts on farming decisions, this same 
method could be used. 
While there is much potential for extending this research, there are clear results from the work 
already done. First, the results indicate that a successful biocontrol method could contribute 
hundreds of millions of dollars to New Zealand’s pastoral sector given a range of future 
changes to the industry. Secondly, the research demonstrates the potential of bioeconomic 
modelling for considering complex agricultural production systems, and provides a first step 
for future modelling of other weeds and other production systems. 
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